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Introduction
Due to limited oxygen-diffusing capacity, preterm infants may require supplemental oxygen during a period of continued postnatal lung development. Hyperoxia, along with mechanical ventilation, increases the risk for alveolar simplification and abnormal vascularization referred to as bronchopulmonary dysplasia (BPD) [2, 15] . This disease poses a significant public health problem and is a leading cause of neonatal morbidity and mortality [30] . Well beyond the neonatal period, infants with BPD have impaired lung function [18] . In the neonatal rodent, hyperoxia results in lung injury resembling BPD [40] with long-term consequences on lung function [24, 45] despite neonates being more resistant to hyperoxia than adults [12] . Because alveolarization continues postnatally, injury during this crucial period could lead to aberrant lung repair [3] and long-lasting consequences.
The neonatal lung is unique in that it is transitioning from a low oxygen environment in utero to a relatively oxygen rich environment at birth and there is a perinatal upregulation of many antioxidant genes [12] including heme oxygense-1 (HO-1), the rate limiting enzyme in bilirubin production [9] . Lung HO-1 mRNA levels subsequently decrease in the first weeks of life to reach adult values [9] .
Many have implicated HO-1 in cytoprotection during oxidative stress [25, 33] and have shown that HO-1 induction is a generalized response to oxidative stress [1] . Nevertheless, we have clearly shown that neonatal rodents exposed to hyperoxia do not upregulate HO-1 mRNA [10, 16] , nor do young adult HO-1 null mutants have increased susceptibility to a 3-day hyperoxic exposure compared to WT [10] . Moreover the HO-1 KO did not show loss of lung antioxidant capacity as compared to WT controls at baseline and did not have increased lung oxidative markers after hyperoxic exposure [9] . Interestingly, despite this relative tolerance to hyperoxia [10] , HO-1 KO mice have alveolar simplification and reduced secondary crest formation as neonates [48] . Although some have reported that the HO-1 enzymatic Contents lists available at SciVerse ScienceDirect journal homepage: www.elsevier.com/locate/redox by-products mediate its cytoprotection [17, 34, 47] , even devoid of its enzymatic activity HO-1 has significant effects against oxidative stress in vitro [14, 20] . HO-1 has also been shown to migrate to the nucleus during hyperoxia [19] , and it also binds to other proteins [42] . Perhaps this could provide a signaling mechanism to modulate cytoprotective functions in the neonatal lung but it is not yet clear whether this occurs in vivo.
During development and with lung injury and repair, active Wnt signaling causes b-catenin to be hypo-phosphorylated, resulting in its stabilization with targeted downstream gene expression [26, 11] . This modulates terminal differentiation of post-mitotic cells including alveolar Type II cells (ATII) [11] , and therefore would significantly impact recovery from lung injury. It is not known whether HO-1 could modulate this pathway either directly or indirectly.
We have preliminarily shown that HO-1 can bind to hnRNPK [ [19] and Table S1 ], an RNA binding protein with wide-ranging effects on cell cycle [5] . The pleiotropic hnRNPK protein is comprised of three conserved KH (K homology) nucleic acid binding domains and a kinase interacting region facilitating cross-talk between factors involved in regulating gene expression [5] . In addition, hnRNPK can interact with b-catenin to alter downstream gene expression [5] . It also can interact with the 3 0 UTR region of various mRNAs to regulate protein translation [13] as well as bind to other regions on mRNA [28] . Therefore, its modulation could have global effects on cellular function both at the gene and protein levels.
In this study, when neonatal HO-1 KO mice were exposed to hyperoxia and allowed to recover in room air (O 2 /air recovered), their lungs showed simplification, increased apoptosis and dysregulation of global protein translation and gene expression associated with changes in b-catenin and hnRNPK.
Methods

Animal model
HO-1 KO on a C57Bl/6 background (KO) and their WT littermates, as well as transgenic mice over-expressing HA-tagged nuclear HO-1 driven by the SP-C promoter (TR), were housed at Children's Hospital Research Institute Animal Laboratory Facility.
All protocols were reviewed and approved by the Children's Hospital Institutional Animal Care And Use Committee in accordance with the Animal Welfare Act of the NIH.
Hyperoxic exposure
Newborn mice (o12 h old) or adult mice (2 months old) were exposed to room air (RA) or hyperoxia for 72 h. In some experiments, neonatal mice were allowed to recover in RA for up to 14 days [44, 48] after the hyperoxic exposure.
Isolation of nuclear proteins from lung tissue
Lung nuclear and cytosolic extracts from the neonatal and adult mice were obtained using previously described methods [19] .
HO activity measurements
Total HO activity in the lung nuclear or cytosolic fractions was assessed by measuring CO levels using gas chromatograph as described previously [9] . Relative activity was calculated as the concentration of CO per HO-1 protein densitometry unit based on Western blots from the same lung.
Cell lines and infections
The KO and WT embryonic fibroblasts were generated from E 13.5 embryos. Constructs of FLAG tagged full length (FL) and truncated HO-1 cDNA lacking the coding region for the 53 amino acids from the C-terminus (TR) were stably infected in the KO MEF cells using the p3xFLAG-CMV TM -14 plasmid vector system (Sigma, Cat # E4901).
Hyperoxic exposure in vitro
MEF cells at 80% confluence were exposed to hyperoxia (95% O 2 and 5% CO 2 ) or air (5% CO 2 ) for 18 h as previously described [19] .
Lung tissue collection and evaluation of lung architecture and alveolarization
This was done as described in Refs. [8, 44] .
Immunohistochemical detection of protein signal
Immunoreactive protein signals were detected on 5 mm paraffin embedded tissue sections using the Tyramide Signal Amplification system (PerkinElmer, Waltham, MA) as described in [44] . Primary antibodies used were 1:100 b-catenin (#9582, Cell Signaling, Danvers, MA) and hnRNPk (#4675, Cell Signaling), 1:1000 HA (#MMS-101P, Covance, Princeton, NJ). Sections were visualized and images were captured as described [44] .
Determination of PCNA positive cells on lung slides
These were performed as previously described [44] .
Preparation of lung homogenate
The frozen tissue was homogenized in PBS with protease and phosphatase inhibitors as described [44] .
Immunoprecipitation
Immunoprecipitated FLAG tagged HO-1 was washed and purified by an affinity competition with excess FLAG peptide (Sigma, Cat # F4799). The enriched supernatant was isolated and analyzed for detection of HO-1 and proteins co-immunoprecipitated by Western blot. Sample inputs (one tenth of the immunoprecipitation) were simultaneously loaded.
Western blot analysis
The cell lysates or lung homogenates were resolved by SDS-PAGE for the proteins as described [20] and probed using antibodies against active (#4270) and total b-catenin (#9582); Cyclin A1 (#4656); eIF2a total (#9722) and eIF2a (pSer-51; #9721) (all from Cell Signaling); E2F2 (sc-9967); p21 (sc-397 (both from Santa Cruz) and calnexin (Enzo Life Science SPA-860) as loading control. Image density of each band was measured using the Javabased Image J software program (rsbweb.nih.gov/ij).
RNA extraction, quantitative real-time PCR (qRT-PCR), and RT 2 -PCR arrays
Total RNA was extracted from lung tissue as described previously [44] . The effect of hyperoxia and recovery on 84 cell cycle regulated genes was evaluated using an RT 2 -PCR array (PAMM020, SABiosciences). Three lungs in each group were pooled and total RNA was extracted. PCR amplification was performed with ABI Prism SDS 7500 (Applied Biosystems). The Ct values on each of the 84 genes were obtained using SDS v1 software. The DCt and fold changes of each gene between groups were generated using the excel-based PCR array data analysis template provided. Because hyperoxia alters 4 of the manufacturer recommended housekeeping genes (Hprt1, Hsp90ab1, Gapdh and Actb), we chose to use Gusb for normalization since it was comparable in all 8 conditions. A 2-fold-change cut off was used to generate scatter plots for each comparison.
Statistical analysis
For comparison between treatment groups, the null hypothesis that there is no difference between treatment means was tested by a single factor analysis of variance (ANOVA) for multiple groups or unpaired t-test for two groups after testing for normal distribution (InStat 3, GraphPad Software). Statistical significance was accepted to be po0.05. Comparison between and within groups was determined by Tukey's method of multiple comparisons. Each pup was considered as an n number throughout the experiments.
Results
Lung HO-1 distributes to the nucleus after hyperoxia in neonatal mice
In the neonates, in contrast to adults, lung nuclear fractions had enhanced immunoreactive HO-1 after hyperoxic exposure ( Fig. 1 ). Total lung HO activity was then determined in the nuclear and cytoplasmic extracts. We verified that HO-2, the constitutive form of HO, did not change in any of the samples and therefore did not influence total HO activity (data not shown). Total HO activity was normalized to the densitometry values of HO-1 for each sample. HO activity per HO-1 protein was negligible in the neonatal lung nuclear extracts whereas neonatal lung cytoplasmic extracts had detectable HO activity per HO-1 protein (180 pmole CO/hr/HO-1 protein units) at 16 h of hyperoxic exposure. In contrast, the hyperoxia-exposed adults had a significantly higher lung cytoplasmic HO activity per HO-1 protein at this same time point (450 pmole CO/hr/HO-1 protein units).
Overall these data illustrate that despite the lack of induction of lung HO-1 mRNA, lung HO-1 protein is redistributed after hyperoxic exposure in the newborns only and that the relative contribution of HO activity in the newborn is less than in adults.
HO-1 disruption alters lung developmental response to acute hyperoxic exposure in the neonates
As shown previously [48] , neonatal HO-1 KO mice had mild alveolar disruption at birth. This was not visibly altered by 3 days of hyperoxia (results not shown). Radial alveolar counts (RAC), as indices of alveolarization, were significantly decreased in the HO-1 KO maintained in air as compared to WT (7.070.2 vs 8.270.3; Representative Western blot of immunoreactive HO-1 in cytoplasmic and nuclear fractions of lung homogenates exposed to 495% O 2 for 0-72 h, controls were exposed to room air. Equal loading was verified with Ponceau Red. po0.05). However, there was no further decrease in RAC after 3 days of hyperoxia (7.070.2 vs 6.670.3; NS) in contrast to WT littermates (8.270.3 vs 6.870.2; po0.05). This suggests that HO-1 participates in lung alveolar development and may mediate the lung's response to hyperoxic injury. Because hyperoxia targets alveolar Type II cell proliferation specific to the neonatal lung [46] , we wanted to understand whether the differential response to hyperoxia could result from altered alveolar Type II cells. Therefore surfactant proteins B and C (SP-B and SP-C) were measured. There were no differences in these type cell markers in either WT or KO (data not shown). We next screened the group of genes related to cell proliferation and cell cycle in lung homogenate to understand whether HO-1 disruption had global changes in cell proliferation in the lung. Using an array assembly containing 86 genes, the expression levels in the WT and KO lungs were measured with and without hyperoxia, and the results compared ( Fig. 2A and B) . Few genes were upregulated, and these consisted mainly of DNA damage response genes. Likewise, few genes were downregulated, and these consisted mainly of genes involved in cell cycle regulation (Table S2 ). Of the genes affected p21, p53 and Ki-67 have been previously documented as modulated in the neonatal lung after hyperoxic exposure [23, 31, 37] . Although the KO response to hyperoxia was similar to the WT (Fig. 2C) , five genes did not respond to hyperoxia in the KO, indicating that signal pathways regulating these genes may have been altered (Fig. 2C) .
O 2 /air recovered KO mice have disrupted lung architecture
When the KO mice were allowed to recover in room air for 11 days (O 2 /air recovered), they had increased air spaces compared to similarly exposed WT controls (Fig. 3A) . The RAC remained reduced in the 14 day air-exposed KO, but this was even more pronounced in the O 2 /air recovered KO vs similarly exposed WT (Fig. 3B ).
Disruption of HO-1 alters lung cell proliferation and DNA repair
Although there were no significant changes in SP-B and SP-C steady-state mRNA levels after 3 days of hyperoxic exposure, these were decreased in both WT and KO in the O 2 /air recovered animals, but there were no differences between the two groups (data not shown). This suggests that HO-1 does not specifically affect epithelial cell susceptibility to hyperoxic injury. When lung slides were screened for PCNA signal as an index of overall cell proliferation, the KO showed significant decrease in the number of PCNA positive cells after recovery (Fig. 3C ). There was also an increase in TUNEL positive cells in the O 2 /air recovered KO compared to all other groups (Fig. 3D ), indicating increased cell death and/or apoptosis. In addition, mRNA levels of 8-oxoguanine DNA glycosylase (OGG1), an important enzyme in oxidative DNA damage repair, was significantly reduced in the HO-1KO in air as compared to WT and remained low in the O 2 /air recovery (Fig. 3E ). Furthermore, the O 2 /air recovered WT had downregulated lung cell cycle gene expression ( Fig. 4A and Supplemental Table 3 ), whereas the KO had drastic up-regulation of 47 genes and downregulation of 21 genes, suggesting global dysregulation of cell cycle and DNA repair gene expression ( Fig. 4B and Table S3 ). Among the genes that differed in the WT compared to KO, six DNA damage-response genes were down regulated in the WT, whereas these were upregulated manyfold in the KO (Fig. 4C ). This observation is consistent with increased cell death in the O 2 /air recovery KO (Fig. 3D ). Overall these data demonstrate that HO-1 disruption exacerbates lung DNA damage and impairs the repair process during recovery from hyperoxia.
Disruption of HO-1 modulates lung b-catenin signaling
To explain how HO-1 alters the response to hyperoxic injury and repair, we evaluated whether HO-1 could modulate lung b-catenin in our model since this protein is key to lung cell proliferation and differentiation during repair. In the KO lungs exposed to air, active b-catenin was significantly decreased vs WT, suggesting that disruption of HO-1 resulted in a reduced ability to proliferate. This reduced active b-catenin persisted after O 2 /air recovery but was also observed in the O 2 /air recovered WT, suggesting that hyperoxia itself also reduced the ability of the lung to repair (Fig. 5A ).
To understand whether HO-1 might affect b-catenin localization and activities, we detected b-catenin immunoreactive signals in the WT and KO lung tissues. In corroborating with the Western analysis, lesser cells were stained positive for b-catenin in the KO lung as compared to the WT and these cells were clustered in only few selected areas of the lung (Fig. S1 ). However when these areas were viewed with higher magnification the b-catenin protein showed predominant localization in the nucleus (Fig. 5B upper  panel) .
Disruption of HO-1 dysregulates b-catenin/hnRNPK signaling
An association between b-catenin and heterogeneous nuclear ribonucleoprotein proteins (hnRNPs) has been described [6] .
Having previously shown that hnRNPK protein was recovered (Table S1 ) when HO-1 was immunoprecipitated after hypoxia [19] , and given that hnRNPK would interact with b-catenin [5, 6] , we hypothesized that HO-1 modulates b-catenin signaling through its interaction with hnRNPK. To this extent, we costained lung slices with hnRNPK and b-catenin. After O 2 /air recovery, the signals co-localized to the nucleus in the WT, but in the absence of HO-1 the hnRNPK signal was predominantly cytoplasmic (Fig. 5B lower panel) , making it less likely that the two proteins would maintain their normal interaction in the absence of HO-1. To test whether HO-1 directly binds to b-catenin we immunoprecipitated HO-1 protein from HO-1KO MEF cells over expressing FLAG tagged-full length or truncated HO-1 (Fig. 6B ). This verified that the full length HO-1 was exclusively found in the cytoplasm and the truncated HO-1 was exclusively found in the nucleus (Fig. S2A ). When these constructs were immunoprecipitated with FLAG, b-catenin failed to coimmunoprecipate HO-1 (Fig. S2B ) obviating a direct HO-1/b-catenin-protein interaction.
We have previously documented that HO-1 can migrate to the nuclear compartment under oxidative stress [19] . To understand whether the nuclear portion of the HO-1 would retain the hnRNPK in the nucleus, we used a transgenic mouse model over-expressing nuclear HO-1 specifically in the lung. Indeed, lung nuclear hnRNPK was enhanced in these O 2 /air recovered transgenic mice (Fig. 5C ) further suggesting that HO-1 is key to hnRNPK localization in vivo.
To further understand whether disruption of HO-1 would exclude hnRNPK from the nucleus, we stained lung slides from the O 2 /air recovered mice with anti-hnRNPK antibodies. Disruption of HO-1 significantly reduced the abundance of lung nuclear hnRNPK protein in the lung (Fig. 6A) . The interaction of HO-1 with hnRNPK in hyperoxia was further verified using immunoprecipitation in a cell model system consisting of KO MEF cells rescued with full length or nuclear HO-1 cDNA constructs (Fig. 6B ). In fact, HO-1 was co-immunoprecipitated with hnRNPK ( Fig. 6C ) in both full length and truncated cDNA infected HO-1 KO MEF cells. When WT and KO MEF cells were fractioned into cytosolic and nuclear fractions, decreased nuclear hnRNPK signal was observed only in the KO MEFs, further supporting the hypothesis that HO-1 is key to retaining hnRNPK in the nucleus (Fig. 6D) . Altogether, these data suggest that the nuclear form of HO-1 binds hnRNPK and retains this protein in the nuclear compartment.
Suppression of lung protein translation after hyperoxia is associated
with altered b-catenin/hnRNP signaling The b-catenin and hnRNP proteins work in concert to modify gene expression important to cellular proliferation and DNA repair [36] . Perhaps this could help explain the drastic alteration in cell proliferation and cell cycle genes observed in the O 2 /air recovered KO (Fig. 3B) . We choose to evaluate several genes, in particular, E2F2 mRNA (upregulated 320-fold), Cyclin A1 mRNA (133-fold) and p21 (3 fold), as potential targets of b-catenin/hnRNPK signaling. Despite a 320-fold increase in E2F2 mRNA, protein levels were decreased in the O 2 /air recovered KO compared to air controls (Fig. 7A) . Additionally, despite a 133-fold upregulation of cyclin A1 mRNA, cyclin A1 protein levels did not increase in O 2 /air recovered KO vs air controls (Fig. 7B ). Furthermore, although p21 protein levels were higher in the KO than the WT at baseline, despite a 3-fold increase in p21 mRNA in the O 2 / air recovered KO, there was no further increase in p21 protein levels (Fig. 7C ). Overall these observations support the idea that disruption of HO-1 in the lung led to an exaggerated increase in the mRNA of various genes involved in proliferation but this did not translate to changes in protein levels, suggesting a global suppression of protein expression in the HO-1 KO lung. Lastly, lung eIF2a phosphorylation was increased at baseline in the KO vs WT, and remained higher after O 2 /air recovery (Fig. 7D ). This is a global index of suppressed protein translation [39, 41] . As further evidence, eIF2a phosphorylation was enhanced in KO MEF cells vs WT both in air and hyperoxia (Fig. 7E ).
Discussion
It is well known that HO-1 has antioxidant properties ascribed to its enzymatic function [38] . More recently, non-enzymatic roles have been documented [20, 21] , and HO-1 nuclear translocation has been characterized in several models [21, 32, 35] . Whether nuclear HO-1 protects neonatal lung against hyperoxic injury and enhances repair is not known. Here we show that HO-1 is important to lung repair after hyperoxic injury and that nuclear HO-1 may be implicated in this process. Although the HO-1 KO model could not fully distinguish between the effects of absent nuclear (non-enzymatic) vs cytosolic (enzymatic) HO-1, several lines of evidence suggest a specific role of nuclear HO-1 during the neonatal period: (1) In the neonates, there is redistribution of HO-1 protein to the nucleus after exposure to hyperoxia (Fig. 1); (2) lung HO activity is dramatically reduced in the lung nuclear fractions and the activity of cytosolic fractions is smaller than in adults as shown in this study; (3) the lungs of transgenic mice with HO-1cDNA specifically targeted to the nucleus show improved radial alveolar counts in hyperoxia after 4 days recovery (unpublished observations, F. Namba, 2012).
One of the proteins that associates with HO-1 in the nucleus during oxidative stress is hnRNPk (Supplemental material). Given its pleiotropic role in RNA and DNA binding, we focused on how hnRNPk distributes within cellular compartments in the presence or absence of HO-1 and when the nuclear form of HO-1 is highly expressed. Because hnRNPK recognizes specific RNA binding motifs on the 3 0 UTR of mRNAs in the cytoplasm [13] and serves as an RNA binding adaptor protein regulating gene transcription, we suspect that, when HO-1 is disrupted, preferential cytoplasmic distribution of hnRNPK results in global suppression of protein translation.
Since neonatal mice do not complete alveolarization until after the first two postnatal weeks [29] , acute hyperoxia could lead to long-lasting alterations in lung structure and function. Interestingly, despite only subtle changes in KO after 3 days of hyperoxia, there were drastic differences after air recovery. Thus, susceptibility of the KO to hyperoxia was unmasked in the recovery period, suggesting that acute oxidative stress perturbs the ability of the developing lung to repair.
During lung injury and subsequent repair, re-establishment of a functional alveolar epithelium requires cellular proliferation, transdifferentiation, and migration [3] . Wnt/b-catenin signaling modulates cellular fate in various cell types [7, 26] . Targeted loss of b-catenin in SP-C-expressing cells perturbs distal lung morphogenesis, demonstrating its importance in the formation of alveolar structure [27] . In the recovering KO lung, secondary septation was disrupted and b-catenin activity was decreased.
This was not due to a direct interaction with HO-1 protein.
Nevertheless, we verified that HO-1 binds to hnRNPK in the lung as in previous studies [6] . Others have also shown that hnRNPK interacts with b-catenin to both positively and negatively regulate gene transcription [5] . Therefore, HO-1 could influence b-catenin through hnRNPK. With loss of nuclear hnRNPK in the O 2 /air recovered KO, the normal hnRNPK/b-catenin interaction is disrupted, as shown here, and dysregulation of genes involved in DNA repair, cell proliferation and apoptosis would logically occur. The massively dysregulated lung gene expression observed in the O 2 /air recovered KO suggests that HO-1 participates in gene regulation during lung repair through these pathways. This remains to be fully evaluated.
In addition, with HO-1 disruption, redistribution of hnRNPK from the nucleus to the cytoplasm could result in inhibition of protective responses since accumulation of hnRNPK in the cytoplasm promotes inhibition of RNA translation [13] . In corroboration with this hypothesis, we observed decreased lung E2F2 and cyclin A1 proteins, despite increased steady state mRNA as well as increased eIF2a phosphorylation. The consequence of decreased E2F2 protein translation as well as decreased cyclin A1 translation would restrict cellular proliferation [22, 43] . This could explain the abnormal lung repair seen in the O2/air recovered KO. In contrast, the suppressed p21 protein translation we observed would likely promote cell proliferation [4] . This paradoxical observation is not yet understood and we did not investigate whether the changes in p21 were cell type-specific. In summary, HO-1 modulates cellular proliferation and differentiation in part through interaction with, and altered cellular distribution of hnRNPK. This results in altered b-catenin/hnRNPK signaling and significant gene dysregulation. In addition, the redistribution of hnRNPK was associated with a global decrease in protein synthesis. These pleiotropic effects of HO-1 disruption may lead to aberrant repair of the postnatal lung after hyperoxic injury.
